Laser material processing of aluminium and some polymers such as polyamide and low-density polyethylene has been performed using femtosecond pulses with different pulse durations. In order to investigate and optimize the ablation process we have developed an experimental setup with spatial light modulator for phase and amplitude modulation of the pulses. Considerable differences in the integrity of areas surrounding cut edges could be found for cuts of aluminum foil made by 70 fs and 230 fs laser ablation. For shorter pulses less damaged area caused by shock waves and less melting of the material have been observed. No debris was attached to the cut edges. The ablation of polymer surfaces has been carried out in nano-and femtosecond regimes. Strong heat transfer into the target, the consequent melting and even bubbling prevent a precise machining of polymers by nanosecond pulses. In addition femtosecond laser ablation allows creation of the holes on the polymer surface with higher precision. Such structures obtained in laser machining experiments can provide the opportunity for designing medical implants with high precision.
Introduction
The development of ultra-short lasers has opened new opportunities not only for fundamental investigations in different fields of physics, but also offers a wide range of applications in industry and medicine such as unique material synthesis [1] , thin film growth [2] , micromachining [3] and others. Different possibilities of technological applications stimulate the interest in the physics underlying laser-matter interaction. Nevertheless, in spite of the numerous investigations the mechanisms accompanying material ablation have not been fully understood. A large number of physical phenomena are involved, namely, laser energy absorption, electron excitation and heating, electron-lattice energy exchange, electron emission, ionization, plasma generation and expansion. Recent experiments on laser ablation show a strong dependence of obtained results on the characteristics of incident irradiation [4, 5] . The decrease in the laser pulse duration down to femtosecond (fs) timescales allows providing ultrahigh focused intensities which are delivered into the material during a short period of time. The time needed to transfer the laser energy absorbed by the electrons to the lattice (10-100 ps) is much longer than the pulse duration. Ablation by fs-laser pulses gives a possibility to minimize the damage of regions neighboring to the processed area due to shock waves and heat conduction and leads to a very high precision of material processing. Moreover, the temporal profile of the pulses has a strong influence on laser induced breakdown [6] . It was demonstrated in the experiments on surface ablation of fused silica with temporally asymmetric shaped fs pulses [6] as well as in experiments using double pulse [7] and symmetric pulse sequences [8] . Here we present our results on surface ablation of aluminum and some polymers by laser pulses with different durations. The experiments have been done using a home built setup which includes a pulse shaper.
Material and methods
The experiments on material ablation have been performed with metal targets and also with polymers. As an exemplary metal sample aluminum foil with a thickness of 13 ȝm was chosen, while polyamide and low-density polyethylene have been used in the polymer fs-laser processing experiment. In order to optimize the machining of metals we have built the experimental setup shown in Image 1. A Ti:Sapphire amplifier system is used to generate ultrashort near infrared pulses at 800 nm. The laser output is split into two beams. One of them passes a 4f-pulse Image 1 Scheme of the experimental setup that includes the pulse shaper for spectral amplitude and phase modulation.
Image 2 SEM photographs of cuts made on aluminum foils by laser pulses with durations 70 fs (a) and 230 fs (b).
shaper based on a liquid crystal mask which allows a spectrally resolved phase and amplitude modulations of the pulses. These pulses can be temporally broadened by introducing second-order dispersion that reflects a variation of the spectral phase according to the expression ½ ĭ´´(Ȧ-Ȧ 0 ) 2 , where ĭ´´ corresponds to the linear chirp of the laser pulse and Ȧ 0 is the center circular frequency [9] . Moreover, the implementation of the shaper into the experimental setup gives the possibility to compensate the dispersion caused by different elements in the optical path. As an alternative way, the duration of the pulses used for material processing can be varied by direct compression or broadening using the amplifier system. The second laser beam obtained by splitting of the incoming beam in front of the setup is directed to a motorized delay stage and then frequency doubled. It can be used for pulse characterization, e.g. by crosscorrelation measurements, on the one hand, or for pump-probe experiments, on the other hand. The polyamide and polyethylene were ablated with pulses in the nano-and femtosecond regime. The structures obtained in both ablation experiments were visualized by optical (BX51, Olympus, Japan) and scanning electron microscopy (SEM).
Results
Image 2 exhibits SEM pictures of fs laser cuts made in ambient air on the aluminum foil. For comparing the machining of metal by laser pulses with different durations, the processing has been performed with 70 fs (Image 2a) and 230 fs pulses (Image 2b). The other experimental conditions such as repetition rate (1 kHz), pulse energy and translation velocity of the sample in the focal plane were the same in both cases. The difference in quality of the ablated structures is clearly seen from the SEM images. As expected, a decrease in pulse duration leads to more precise metal processing, because the stress generated in the ablated material is stronger for shorter pulses. This was demonstrated in previous studies on hole drilling on metal surfaces and dielectric materials in the femto-and picosecond [5] and even longer regimes.
Comparing both photographs presented in Image 2 we can Image 3 Holes on the surface of low-density polyethylene (PE) and polyamide (PA) targets obtained by machining with nano-(left side) and femtosecond (right side) laser pulses.
see that even small changes in pulse length lead to a noticeable increase of the surface area damaged by shock waves and the appearance of residual material debris at the cut edges. This finding can be explained by the reduction of the heat accumulation in the target and an associated decrease of melting. This effect is especially important for metals because of their high thermal conductivity. Valuable laser machining results on polymers, which play an important role in many medical applications, have been reported in Ref. [10] . In our project first laser machining experiments of polymers have been tried with a nanosecond laser. To point out the advantages of the femtosecond laser for our purposes we compared the effect of the pulse broadening on the ablation of polyamide and low-density polyethylene. Image 3 shows photographs of polymers after machining in femto-and nanosecond regime. A noticeable heating of the sample and its melting was observed at processing of both polymers by nanosecond pulses. In contrast to nanosecond laser ablation, the application of femtosecond laser pulses with reduced repetition rates demonstrates much higher quality and precision.
Conclusions
Material processing of metals and polymers with considerably high precision can be achieved by the choice of appropriate laser pulse parameters. We have developed an experimental setup including a spatial light modulator for pulse shaping in amplitude and phase.
In preliminary experiments we demonstrate that the compression of the pulses even in femtosecond regime lead to evident improvement in metal ablation. The application of ultrashort pulses, especially in the femtosecond regime is of high potential which also applies to the processing of polymers. An application of ultra-short pulse ablation to the fabrication drug depots is shown in Ref. [11] .
